Precise spectroscopy of multi-strange hypernuclei provides a unique chance to explore the hyperon-hyperon interaction. In the present work we explore the production of excited states in double hypernuclei following the micro-canonical break-up of an initially excited double hypernucleus which is created by the absorption and conversion of a stopped Ξ − hyperon. Rather independent on the spectrum of possible excited states in the produced double hypernuclei the formation of excited states dominates in our model. For different initial target nuclei which absorb the Ξ − , different double hypernuclei nuclei dominate. Thus the ability to assign the various observable γ-transitions in a unique way to a specific double hypernuclei by exploring various light targets as proposed by the Panda collaboration seems possible. We also confront our predictions with the correlated pion spectra measured by the E906 collaboration.
While the nucleon-nucleon scattering was extensively studied since the 50's, direct experimental investigations for the hyperon-hyperon interactions are still very sparse. Because of their short lifetimes, hyperon targets are not available and low momentum hyperons are very difficult to produce. Since direct scattering experiments between two hyperons are impractical, the precise spectroscopy of multi-strange hypernuclei provides a unique chance to explore the hyperon-hyperon interaction. Indeed the significant progress in nuclear structure calculations [1, 2, 3, 4, 5] nurtures the hope that detailed information on excitation spectra of double hypernuclei and their structure will provide unique information on the hyperon-hyperon interactions.
The simultaneous production and implementation of two Λ particles into a nucleus is intricate. There may be a chance to produce multi-strange hypernuclei in hadron and heavy ion induced collisions [6, 7, 8] , as it was impressively illustrated by the STAR collaboration recently [9] . However, high resolution spectroscopy of excited states will not not feasible. While in central collisions statistical approaches [10] may be applicable, the production of hypernuclei in peripheral heavy ion collisions clearly requires a detailed consideration of the collision dynamics to make definite predictions of the production probability [8] . To produce double hypernuclei in a more 'controlled' way the conversion of a captured Ξ − and a proton into two Λ particles can be used. This process releases -ignoring binding Email address: pochodza@kph.uni-mainz.de (Josef Pochodzalla) energy effects -only 28 MeV. For light nuclei there exists therefore a significant probability of the order of a few percent that both Λ hyperons are trapped in the same excited nuclear fragment [11, 12, 13, 14, 15, 16] .
Unfortunately Ξ − hyperons produced in reactions with stable hadron beams have usually rather high momenta. Therefore, direct capture of the Ξ − in the nucleus is rather unlikely. Even in case of the (K − , K + ) double strangeness exchange reaction, Ξ − hyperons are produced with typical momenta of 500 MeV/c at beam momenta around 1.8 GeV/c [13, 17, 18] . The advantage of this production process is that the outgoing K + can be used as a tag for the reaction. A drawback is the low kaon beam intensity and hence the need for thick primary targets. Furthermore, as a consequence of the large momentum transfer, the probability to form bound Ξ − states directly is rather small on the level of 1% [19, 20] and the production of quasi-free Ξ − dominates. Still the Ξ − hyperons in the quasi-free region may be absorbed into the target nucleus via a rescattering process on a nucleon which itself is knocked out of the primary nucleus. This two-step process is predicted to exceed the direct capture by more than a factor of 6 [12] (see also below).
On the other hand most (∼ 80%) Ξ − hyperons escape from the primary target nucleus in (K − , K + ) reactions. However, in a second step, these Ξ − hyperons can be slowed down in a dense, solid material (e.g. a nuclear emulsion) and form Ξ − atoms [21] . After an atomic cascade, the Ξ-hyperon is eventually captured by a secondary target nucleus and converted via the Ξ − p → ΛΛ reaction into two Λ hyperons. In a similar two-step process relatively ex. s. Λ + SHP g.s.
--ex.s. THP g.s and g.s.
--g.s and ex. s.
--ex.s. and ex.s Λ + Λ Figure 1 : Predicted production probability of ground (g.s.) and excited states (ex.s.) in one single (SHP), twin (THP) and double hypernuclei (DHP) after the capture of a Ξ − in a 12 C nucleus and its conversion into two Λ hyperons . The lower and upper scale shows the binding energy of the captured Ξ − and the excitation energy of the initial 13 ΛΛ B nucleus, respectively.
The advantage as compared to the kaon induced reaction is that antiprotons are stable and can be retained in a storage ring. This allows a rather high luminosity even with very thin primary targets. Because of the two-step mechanism, spectroscopic studies, based on two-body kinematics like in single hypernucleus production, cannot be performed. Spectroscopic information on double hypernuclei can therefore only be obtained via their decay products. The kinetic energies of weak decay products are sensitive to the binding energies of the two Λ hyperons. While the double pionic decay of light double hypernuclei can be used as an effective experimental filter to reduce the background [24] the unique identification of hypernuclei groundstates only via their pionic decay is usually hampered by the limited resolution (see e.g. ref. [25] and discussion below). Instead, γ-rays emitted via the sequential decay of excited double hypernuclei may provide precise information on the level structure.
The Panda experiment [23] which is planned at the international Facility for Antiproton and Ion Research FAIR in Darmstadt aims at the high resolution γ-ray spectroscopy of double hypernuclei [22] . In this work we study the important question to what extend particle stable excited states of double hypernuclei are produced and how different secondary target nuclei by help to assign observed γ-transitions. In line with the compound nucleus model of Sano and co-workers [26, 11] we study in the present work the production of excited states in double hypernuclei fol-lowing the break-up of an excited double hypernucleus after the absorption and conversion of a stopped Ξ − . For light nuclei even a relatively small excitation energy may be comparable with their binding energy. We therefore consider the explosive decay of the excited nucleus into several smaller clusters as the principal mechanism of de-excitation. Not included in the present approach are neither details of the atomic capture process nor of a possible dynamical, non-equilibrium stage prior to the Ξ − conversion into two Λ hyperons. Unlike in case of a direct Ξ − capture in (K − , K + ) or other hadron induced reactions where a pre-equilibrium stage will require special attention (see e.g. Ref. [8] ), pre-equilibrium processes are probably less important after an atomic capture.
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To describe this break-up process we have developed a model which is similar to the famous Fermi model for particle production in nuclear reactions [27] . We assume that the nucleus with mass numbers A 0 , charge Z 0 , and the number of Λ hyperons H 0 (here H 0 =2) break-ups simultaneously into cold and slightly excited fragments, which have a lifetime longer than the decay time, estimated as an order of 100-300 fm/c. This break-up takes place in some freeze-out volume V , where the produced fragments moves in the phase space determined by the free volume V f . This free volume is smaller than the freeze-out volume, at least, by the proper volume of the fragments. We use the 'excluded volume' approximation for this parametriza-
A 0 denotes the initial volume of the nucleus with r 0 = 1.3 fm and V f = κ · V 0 . In the following we assume for the parameter κ a value of 2 which is consistent with many description of fragmentation data of normal nuclei [28] .
In the case of production of conventional nuclear fragments in a break-up channel, we adopt their experimental masses in ground states, and take into account their excited states, which are stable respective to emission of nucleons [29] . For hypernuclei with single Λ particle, we use the experimental masses and excited states, which were collected in various reviews [30, 31] and also some theoretical predictions [32] . One has to keep in mind that particularly for heavy hypernuclei additional excited states may be missing in the present decay channels.
For double hypernuclei the experimental information is restricted to a few cases only [33, 34, 35, 36, 37, 16] . Except for the 6 ΛΛ He nucleus reported in Ref. [37] the interpretation of the observed events is however not unique [38, 39, 40, 41, 25] . Furthermore no direct experimental information on possible excited states is at hand (see e.g. discussion in Ref. [41] ). Therefore, theoretical predictions of bound and exited states of double hypernuclei predicted by Hiyama and co-workers [41] were used in the present model calculation for nuclei with mass number 6≤ A 0 ≤10. The masses of 8 ΛΛ He and 9 ΛΛ He were calculated from the known single hypernuclear masses and assuming ∆B ΛΛ =1 MeV. Here ∆B ΛΛ is defined in terms of the involved nuclear masses
and which contains information on the binding between the two Λ hyperons. For the mirror nuclei 5 ΛΛ H and 5 ΛΛ He there seems to be a consensus that these nuclei are indeed bound [42, 43, 44, 45, 46] . In view if the theoretical uncertainties, we again assumed in our calculations a value of ∆B ΛΛ =1 MeV for both nuclei. In case of 4 ΛΛ H the experimental situation is ambiguous [36, 25] and also various model calculations predict an unbound [47] or only slightly bound nucleus [48, 49, 46] . We checked however that our results remain unchanged for the production of heavier nuclei if we disregard this slightly bound 4 ΛΛ H nucleus. For nuclei with mass number A≥11 the masses of the ground states were taken from ref. [12] . These masses correspond to ∆B ΛΛ values between about 2.0 and 4.6 MeV. Also for these heavy nuclei several particle stable excited states are expected [12] . The calculations of Hiyama and co-workers [41] signal that in the mass range relevant for this work the level structure of particle stable double hypernuclei resembles the level scheme of the corresponding core nucleus. In order to explore the role of possible additional states the set of double hypernuclei with A≥11 was extended by the known excited states of the corresponding core nucleus. Only states below the lowest particle decay threshold were considered. In the present calculations 1s Λ 1p Λ states have been ignored though these states may possibly contribute at high excitation energies in heavy nuclei [56] . In case of Within the model systematic errors may arise due to missing states in single and double hyper nuclei. In order to check the sensitivity of our conclusions to the modifications of the allowed decay products, we have repeated the calculations by only considering the ground and at most two particle stable, excited states in double hyperfragments. The relative yield of some individual excited states was modified up to a factor 2 ±1 . However, the final conclusions of our paper do not not change.
In the model we consider all possible break-up channels, which satisfy the mass number, hyperon number (i.e. strangeness), charge, energy and momentum conservations, and take into account the competition between these channels. The model assumes that the probability of each break-up channel ch is proportional to the occupied phase space [28, 50, 51] . The statistical weight of the channel containing n particles with masses m i (i = 1, · · · , n) can Figure 2 : Individual production probability of up to four lowest lying, particle stable states in double hypernuclei after the capture of a Ξ − by a 12 C nucleus.
be calculated in microcanonical approximation:
where m 0 = n i=1 m i is the summed mass of the particles, S = n i=1 (2s i + 1) is the spin degeneracy factor (s i is the i-th particle spin), G = k j=1 n j ! is the particle identity factor (n j is the number of particles of kind j). E kin is the total kinetic energy of particles at infinity which is related to the available energy via
Here B Ξ is the binding energy of the converted Ξ − and E max = (M (Ξ − ) + M target )c 2 represents the maximum available excitation energy ignoring the binding of the Ξ − , U C ch is the Coulomb interaction energy between fragments given in the Wigner-Seitz approximation [28] :
where A i , Z i are mass numbers and charges of produced particles. We calculate masses of fragments in excited states by adding the corresponding excitation energy to their ground state masses. Unfortunately, still very little is established experimentally on the interaction of Ξ hyperons with nuclei. Various data suggest a nuclear potential well depth around 20 MeV (see e.g. [52, 53] ). Calculations of light Ξ atoms [21] predict that the conversion of the captured Ξ − from excited states with correspondingly small binding energies dominates. In a nuclear emulsion experiment a Ξ − capture at rest with two single hyperfragments has been observed [54] which was interpreted as
Λ Be reaction. The deduced binding energy of the Ξ − varied between 0.62 MeV and 3.70 MeV, depending whether only one out of the two hyperfragments or both fragments were produced in an excited particle stable state. Model calculations [19, 55, 56, 57] suggest that the width for the Ξ − + p → Λ + Λ conversion is around 1 MeV, i.e. the conversion is rather fast and takes of the order of 200 fm/c. In order to take into account the uncertainties of the excitation energy of the converted Ξ − -states, the calculations were performed for a range of energies 0 ≤ B Ξ ≤ E max , constructing in this way the excitation functions for the production of hypernuclei.
The Fermi break-up events were generated by comparing probabilities of all possible channels with Monte-Carlo method. For example a total of 993 channels were included in case of the absorption of a Ξ − on 13 C nucleus. The Coulomb expansion stage was not considered explicitly for such light systems. The momentum distributions of the final break-up products were obtained by the random generation over the whole accessible phase space, determined by the total kinetic energy (4), taking into account exact energy and momentum conservation laws. For this purpose we applied a very effective algorithm proposed by G.I. Kopylov [58] . Previously, this model was applied rather successfully for the description of the break-up of conventional light nuclei in nuclear reactions initiated by protons, pions, antiprotons, and ions [28, 51, 59, 60] . In comparison with experimental yields of different fragments the maximum deviation was about 20-50%. We believe that this precision is sufficient for the present analysis of hypernucleus decays, since the main uncertainly is in unknown masses and energy levels of produced hyperfragments. Fig. 1 shows as an example the production of ground (g.s.) and excited (ex.s.) states of single + one free Λ (SHP), twin (THP) and double (DHP) hypernuclei in case of a 12 C target as a function of the assumed Ξ − binding energy. With increasing Ξ − binding energy the excitation energy of the excited primary 13 ΛΛ B * nucleus decreases from left to right from about 40 MeV to 15 MeV. For all excitation energies above 20 MeV the production of excited double hypernuclei dominates (green triangles). This can be traced back to the opening of several thresholds for various excited double hypernuclei already at moderate excitation energies (see e.g. Fig. 1 in Ref [12] ). Only for small binding energies and hence large excitation energies the production of single and twin hypernuclei is significant (∼10%). The non-monotonic behaviour for single hypernucleus + one free Λ production reflects the fact that the various lowest thresholds are relative high and widely separated, e.g. [61, 62, 63, 64, 54, 65 ] signals a conversion from a Ξ state with only moderate binding energy. In this range of B Ξ the production probability of double hypernuclei is comparable to previous estimates within a canonical statistical model [12, 13] . Fig. 2 shows the population of the four lowest lying, particle stable states in double hypernuclei. The 
ΛΛ
Be is consistent with the conjecture of Hiyama and co-workers [41] that the DemachiYanagi event [66, 67] can be interpreted most probably as the observation of the 2 + excited state in 10 ΛΛ Be. These calculations also indicate that by studying relative probabilities of excited states one may obtain information on the binding energy of the captured Ξ − hyperons. The summed population of the first and second particle stable excited states in all produced double hypernuclei are shown in Fig. 3 for various Ξ-absorbing stable target nuclei 9 Be, 10 B, 11 B, 12 C and 13 C. The probabilities are proportional to the area of the squares. For each target the yield for the most probable hypernucleus has been normalized to 1. For all five target nuclei the same Ξ − binding energy of 0.5 MeV was adopted. Although this choice is not crucial for the main trend (see Fig. 1 ), the population of specific excited levels may depend somewhat on the adopted binding energy. In Fig. 3 different double hypernuclei dominate for each target. Thus combining the information of Fig. 3 with the measurement of two pion momenta from the subsequent weak decays a unique assignment of various newly observed γ-transitions to specific double hypernuclei seems possible as intended by the Panda collaboration [22, 24] .
In 2001 the BNL experiment E906 reported the observation of the 4 ΛΛ H hypernucleus by measuring the sequential pionic decays after a (K − ,K + ) reaction deposited two units of strangeness in a 9 Be target [36] . Two structures in the correlated π − momenta at (133,114) MeV/c and at (114,104) MeV/c were observed. The first structure was interpreted as the production of 6 Li are considered [69] . More recently Randeniya and Hungerford showed that the published E906 data can be reproduced without the inclusion of 4 ΛΛ H decay and that it is more likely that the decay of 7 ΛΛ He was observed in the E906 experiment [25] . In their analysis this double hypernucleus was accompanied by a background of coincident decays of single hypernuclei pairs Tab. 2 summarizes the predicted relative probabilities Table 2 : Total production probability of particle stable twin and double hypernuclei after the capture of a Ξ − by a 9 Be target and the conversion into an excited 10 ΛΛ Li * hypernucleus (third and forth [13] column). The four last columns are the results assuming the production of excited 8 ΛΛ He * and 8 ΛΛ H * nuclei after a knock-out process with an excitation energy of 33 MeV [12] . Here columns 5 and 6 are results of the present work, the last two columns are again from Ref. [13] . A -indicates that this particular channel cannot be reached or was not considered.
decay channel π pair momenta decaying system and probability (MeV/c) for the production of particle stable twin and double hypernuclei in the E906 experiment. In the second column we list for orientation the associated pion momenta, assuming a ΛΛ bond energy of ∆B ΛΛ =1 MeV and subsequent pionic two-body decays from the excited or groundstate to the corresponding groundstate. For orientation an increase of ∆B ΛΛ to e.g. 4 MeV decreases the first momenta given in the second column for ΛΛ hypernuclei by about 5 MeV/c. Note that lower pion momenta may also arise from multibody decays or the decay into excited intermediate nuclei. Excited states which will be deexcited prior to the weak decay will of course also result in lower pion momenta. Comparing to experimental data one also has to keep in mind that starting from pion pairs with rather similar or equal pion momenta, a finite momentum resolution will due to the sorting of the momenta result in a more asymmetric peak structure. In case of the Table 5 . Those calculations use a somewhat higher excitation energy of 35 MeV. Inspecting the excitation functions for double and twin hypernuclei we have verified that this difference is not crucial.
While for most channels both calculations agree qualitatively, there are also important differences. The most striking difference is seen in the production of the As an alternative production scheme we also consider the quasi-free/rescattering picture of Yamamoto et al. [13] resulting in the production of excited Let us first discuss the structure at (114,104) MeV/c which has been attributed to double hypernuclei decays. Generally the production of double hypernuclei is energetically favored over the production of twins: all possible channels with twin-production lie energetically significantly above the thresholds for He nucleus is the most probable channel. Of course, a direct comparison with the E906 data requires a detailed consideration of the branching ratios for pionic two-body decays many of which are not known so far. Keeping that caveat in mind our microcanonical model supports independent on the assumed production scheme the interpretation of the E906 observation by Randeniya and Hungerford [25] in terms of In order to describe the (133,114) MeV/c structure of the E906 experiment, the production of 3 Λ H+ 4 Λ H twins seems mandatory [36] . However, the As can be seen from the last four columns of Tab.2
